Background: Intermittent and continuous tube feeding modes are commonly used to feed preterm infants. However, there is no clear evidence regarding which method is better tolerated. We investigated the differences between bolus and continuous feeding in terms of cerebral and splanchnic oxygenation in healthy preterm infants. Methods: Thirty preterm infants underwent a simultaneous 6-h near-infrared-spectroscopy monitoring of cerebral and splanchnic oxygenation, during which they were fed twice through an orogastric tube: one meal was given as a 10-min bolus, and the other was given continuously over a period of 3 h. Oxygenation trends over time were evaluated and compared between bolus and continuous feeding modes. results: Cerebral oxygenation did not change over time and did not differ between the two feeding techniques. Splanchnic oxygenation changed significantly over time and differed between the two feeding techniques, with a significant increase after bolus feeding and a remarkable reduction during continuous feeding. conclusion: Bolus and continuous feeding modes influence splanchnic oxygenation in healthy preterm infants differently. Further studies are needed to investigate possible underlying mechanisms and potential effects on feeding tolerance.
n eonatal care has substantially improved over the past decades, leading to a significant increase in the survival rate of very preterm infants (1) . Enteral nutrition is essential for the development of the gastrointestinal tract in the preterm population because it improves intestinal motor activity (2) , enhances the release of gastrointestinal hormones with trophic effects (3), and ameliorates feeding tolerance (4) . However, very preterm infants are unable to coordinate sucking, swallowing, and breathing (5); thus, they are usually fed via an intragastric tube, continuously or through intermittent boluses (6) . Differences between continuous and bolus tube feeding in terms of weight gain, days to full enteral feeding achievement, feeding tolerance, and effect on necrotizing enterocolitis have been largely investigated. Currently, however, there is no clear evidence regarding the method that is better tolerated (7) . The effect of the two feeding techniques on cerebral and splanchnic oxygenation has not been extensively investigated. Regional tissue oxygenation results from a dynamic balance between oxygen supply and consumption; thus, a reduction in this parameter might reflect an impairment of systemic oxygen saturation (e.g., due to the occurrence of apneic episodes (8) ), a decreased cardiac output leading to a reduction of peripheral perfusion (9), a hemodynamic variation within the examined tissue (e.g., regional vasoconstriction/vasodilatation), or a higher oxygen consumption required to satisfy the metabolic demand (10) .
Near-infrared spectroscopy (NIRS) is a noninvasive technique based on the near-infrared light absorption spectra of cytochromes, which provides a continuous monitoring of regional tissue oxygenation by measuring the levels of oxygenated and deoxygenated hemoglobin within a specific vascular bed (11) . Since the mid-1980s (12), NIRS has been increasingly used in neonatal intensive care units to assess regional blood flow and tissue oxygen extraction under both physiological and pathological conditions, especially in splanchnic and cerebral regions (9, 13, 14) . Moreover, the relation between splanchnic and cerebral oxygenation has been proposed as a marker for abnormal vascular processes affecting the gastrointestinal tract (15, 16) .
Studies performed using Doppler ultrasound measurements in preterm infants have shown that, following bolus feeding, there is a significant vasodilatation in the mesenteric circulation (17, 18) . In line with this finding, a concomitant increase in splanchnic oxygenation, evaluated by means of NIRS, has been described (19) (20) (21) . On the other hand, data about hemodynamic and tissue oxygenation changes related to continuous feeding are scarce, as are data documenting differences between cerebral and splanchnic oxygenation related to continuous feeding.
For this reason, in this study, we aimed to describe changes in cerebral and splanchnic tissue oxygenation in healthy preterm infants after bolus feeding and during continuous feeding, highlighting the differences between the two feeding modalities.
RESULTS
Thirty healthy preterm infants were included in the study. The infants' characteristics are detailed in Cerebral TOI values following bolus administration and during continuous feeding did not differ at any time point, neither in relation to the baseline value nor between the two feeding techniques. As shown in Figure 1 , the locally weighted scatter plot smoothing (LOWESS) curves (22) over time of 5-min cerebral TOI values for bolus and continuous feeding modes were nearly overlapping, and, therefore, the time trend did not differ (χ 2 = 18.72; P = 0.9922). On the contrary, as shown in Figure 2 , splanchnic TOI changed significantly over time in different ways during the bolus and continuous feeding modes: specifically, the mixed model showed that both the time trend and the estimated mean splanchnic TOI differed significantly between the two types of feeding (χ 2 = 161.35; P < 0.0001 and χ 2 = 173.28; P < 0.0001, respectively).
Compared with baseline, splanchnic TOI values recorded after bolus feeding significantly increased from 1 h and 10 min to 2 h and 30 min from meal administration. Conversely, when compared with baseline, splanchnic TOI values detected during continuous feeding exhibited a significant reduction from 1 h and 35 min to almost the end of the procedure. The difference between the two techniques in terms of splanchnic oxygenation was significant from 1 h and 15 min, as shown in (Figure 2) .
No difference in terms of cerebral and splanchnic TOI values and feeding tolerance was found when comparing infants exclusively breastfed, formula fed, and receiving mixed feeding, either during continuous or after bolus modes of feeding.
DISCUSSION
The results of this study indicate that bolus and continuous feeding modes are associated with different types of changes of splanchnic oxygenation in healthy preterm infants. Tube feeding and tissue oxygenation
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Similarly to previous studies (19, 23, 24) , brain tissue oxygenation remained stable following bolus feeding and during continuous feeding. This is probably due to the physiological mechanism of cerebral autoregulation, which keeps the levels of cerebral blood flow and of consequent oxygen delivery almost constant (25) .
Interestingly, the two techniques differed significantly in terms of splanchnic oxygenation after a period of 1 h and 15 min from the beginning of feeding administration.
Previous studies that used Doppler ultrasound to analyze changes in splanchnic hemodynamics following bolus feeding in preterm infants documented a significant increase in mesenteric blood flow velocity after bolus administration (17, 18, 20) . Similarly, a significant increase in splanchnic oxygenation values, detected by NIRS, has been documented (19, 21) , consistently with the previously described hemodynamic changes (20) . It has been suggested that these variations may be due to the cyclic release of gastrointestinal hormones, such as gastrin, enteroglucagon, and gastric inhibitory peptide, specifically promoted by intermittent bolus feeding (3).
Dave et al. (19) documented a significant increase in splanchnic TOI values in stable preterm infants 1 h after bolus feeding; similarly, Dani et al. (21) showed a relevant increase in splanchnic oxygenation as early as 30 min from bolus administration. Consistently with previous studies, our results confirm a postprandial increase in splanchnic oxygenation, occurring from 1 h and 10 min onward. The higher splanchnic TOI values observed after bolus administration could be attributed to a rapid increase in mesenteric blood flow, which has been described in previous studies also (17, 18, 20) ; however, currently, potential beneficial effects in terms of feeding tolerance can be only hypothesized and need to be specifically examined in future research.
To the best of our knowledge, Dani et al. (21) were the first to evaluate the effect of continuous enteral feeding on mesenteric blood flow and splanchnic oxygenation. According to their preliminary results, no difference was found between splanchnic oxygenation values recorded 30 min before, at the end, and 30 min after continuous feeding. In that study, however, they provided no information on tissue oxygenation changes that might occur during the procedure. We performed continuous monitoring of splanchnic and cerebral oxygenation levels for the whole feeding period, outlining the trends over time of both parameters. Our analysis showed a significant decrease of splanchnic oxygenation occurring in the second half of continuous feeding. Moreover, during the final 10 min of continuous feeding, splanchnic TOI showed a slight trend toward increased levels; hence, in accordance with the results of Dani et al., at the end of the procedure, the difference with the baseline TOI values was not significant anymore. Our preliminary findings suggest that splanchnic tissue oxygenation is differently affected by the two enteral feeding modalities. Reduced splanchnic oxygenation has been proposed to be a predictive marker of feeding intolerance, sepsis (26) , splanchnic ischemia (15), and necrotizing enterocolitis (14) in preterm infants. Considering this evidence, the response of splanchnic tissue oxygenation to continuous feeding needs to be carefully evaluated in larger studies focusing specifically on potential consequences related to feeding tolerance.
Conclusions
Bolus and continuous feeding modes represent the most common feeding strategies adopted in neonatal intensive care units. According to our results, the two enteral feeding techniques have different effects on splanchnic tissue oxygenation. Bolus feeding is associated with an increase in splanchnic oxygenation, which might reflect an increase in blood flow in the mesenteric region. On the other hand, continuous feeding is associated with a significant decrease in splanchnic oxygenation.
Further studies are required to assess the underlying physiological mechanisms and to evaluate possible effects of this finding on enteral feeding tolerance.
METHODS

Study Population
This study was performed in the neonatal intensive care unit of Sant'Orsola-Malpighi Hospital in Bologna (Italy). Inclusion criteria were the following: gestational age < 33 wk, enteral intake ≥ 100 ml/kg/d of fortified human milk or standard preterm formula, and need for tube feeding. Exclusion criteria are listed in Table 2 . Infants with patent ductus arteriosus, diagnosed by echocardiography, were excluded from the study because the presence of patent ductus arteriosus has been recently shown to affect levels of both cerebral and splanchnic tissue oxygenation (27, 28) . Similarly, smallfor-gestational-age and intrauterine growth-restricted infants were not included because reduced flow velocities in the mesenteric vessels (29, 30 ) and impaired hemodynamic response to feeding (31) have been documented in small-for-gestational-age infants with prenatal hemodynamic disturbances.
Written informed consent to participate in the study was obtained from the parents/legal guardians of each infant. The study was conducted in conformity with the principles and regulations of the Helsinki Declaration, and the protocol was approved by the Ethical Committee of Sant'Orsola-Malpighi Hospital, Bologna, Italy. The statistical analysis was carried out on blinded data.
Feeding
Each infant underwent a 6-h monitoring, during which he/she was fed twice via an orogastric tube. One meal was given as a 10-min bolus: milk was poured into a syringe attached to the feeding tube and allowed to drip in by gravity; the orogastric tube was removed after bolus administration. The other meal was administered continuously over a 3-h period using a feeding pump; the orogastric tube remained in place for the whole feeding period. The sequence of feeding modalities was alternated in study participants.
Near-Infrared Spectroscopy
To evaluate regional tissue oxygenation, each infant underwent simultaneously a continuous noninvasive monitoring of cerebral and splanchnic oxygenation levels with a NIRO-200 oximeter (Hamamatsu Photonics, London, UK), which is part of the routine care of preterm infants admitted to our neonatal intensive care unit. One sensor was placed in the central region of the forehead and the other on the region below the umbilicus, which has been shown to best sample the mesenteric circulation (32) . To minimize changes in tissue oxygenation due to body positioning, infants maintained the supine posture during the whole monitoring period.
The recording was started after at least 30 min of NIRS monitoring. Cerebral and splanchnic oxygenation levels were quantified as TOI values and were recorded every 5 s. TOI values were then clustered into 5-min intervals, and the mean TOI value for each interval was considered for statistical analysis.
To evaluate differences between the two feeding methods, each mean TOI value detected following the bolus feed was compared with the corresponding mean TOI value measured during continuous feeding. Moreover, for each of the two feeding techniques, each TOI value was compared with the preprandial TOI value, relative to the 5 min preceding the feed.
Polysomnography
A simultaneous, noninvasive polysomnographic recording (System Plus; Micromed, Mogliano Veneto, Italy) was performed to assess the occurrence of hypoxic episodes, which were defined as spontaneous decreases in SpO 2 (oxygen saturation) < 85%. Peripheral oxygen saturation was recorded by means of a polysomnography pulse oximeter sensor placed on the infant's foot. NIRS and polysomnography were started simultaneously, and the maintenance of synchronization was checked at the end of each monitoring. The abdominal band used for polysomnography recording was placed over the umbilicus, and thus it did not interfere with the NIRS splanchnic sensor.
Statistical Analysis
A repeated-measures mixed model was used to compare splanchnic and cerebral TOI values over time between bolus and continuous feeding modes. Mixed-effect models are used to analyze longitudinal data when repeated measures are taken for each study participant, but the number of observations per subject is not the same because of missing data. These models are named mixed because they allow testing of fixed effects (such as the type of feeding, which has only two possible modalities) and random effects, related to repeated measures taken on the same individual. The advantage of mixed models over repeated-measures ANOVA is that the former do not require complete data at each time point. Changes over time within individuals were tested separately from differences in mean TOI values (across all time measurements) between bolus and continuous feeding modes.
The trend over time of splanchnic and cerebral TOI values was also examined graphically using locally weighted least-squares scatter plot smoothing (22) . This exploratory procedure determines the shape of the fitting curve based on the empirical data, instead of fitting a polynomial of suitable degree, as in classic regression procedures. The problem with polynomial smoothing is in fact that a few data points at the extremes of the scatter plot can strongly affect the fitted values. LOWESS regression is based on a smoothing procedure that pays greater attention to the local points, i.e., the smoothed value of y corresponding to a data point x i is obtained on the basis of the data points around it within a band of a certain width. The graph obtained with this smoothing procedure is a fitting curve that connects the estimated medians of the TOI values at each time point. Wilcoxon signed-rank test was used to compare the paired TOI values for bolus and continuous feeding at specific time points and to compare the number of hypoxic episodes recorded after bolus feeding with those observed during continuous feeding. Significance level
